Abstract: The bound states of multiple dispersion-managed solitons (DMSs) were experimentally investigated from a net-normal-dispersion passive mode-locked Yb-doped fiber laser based on the nonlinear polarization rotation mechanism through the proper adjustment of the waveplate at certain pump power. The long-term operation of the bound double DMSs has been experimentally verified and reveals the possible application in the fields of optical communication. In addition, we observed multiple bound solitons and the bound states of the multiple solitons whose intensity autocorrelation traces were similar to that operating at single and double bound soliton states. By means of the grating pairs at the outside laser cavity for pulse compression, the bound states of multiple solitons below 1 ps can be experimentally retrieved. The observed results in this paper illustrate that the passive mode-locked fiber laser around zero cavity dispersion can provide the platform to explore the fundamental physics of soliton dynamics.
Introduction
Recently, passive mode-locked fiber lasers (PML-FLs) have been widely used in scientific research and industrial applications such as optical communications [1] , ultra-fast probing techniques [2] , and industrial machining [3] . For the generation of ultrashort pulses, scientists and engineers adopt numerous techniques, including the semiconductor saturable absorber mirror (SESAM) [4] , carbon nanotube [5] , graphene [6] , nonlinear amplifying loop mirror (NALM) [7] , and nonlinear polarization rotation (NPR) mechanism [8] - [10] to generate robust pulses from PML-FLs. In PML-FLs, the net dispersion of the oscillator can be arbitrarily controlled by the group velocity dispersion (GVD) compensation elements like single mode fiber (SMF), grating pairs (GPs) and prism pairs etc. to produce conventional solitons, stretched pulses [11] and self-similar pulses [12] . Based on the pulse shaping effect in cooperation with the positive Kerr nonlinearity resulted from SMF, ultrashort pulses below 1-ps can easily be created from PML-FLs as the net cavity dispersion was manipulated within anomalous region. However, the highest pulse energy in this kind of PML-FLs is limited to 0.1 nJ; for instance, stretched pulse about 90 pJ was generated in a passive mode-locked Erbium-doped fiber laser (PML-EDFLs) [11] .
For the creation of higher-energy pulse, dissipative solitons (DSs) [13] provided the other choice by setting the cavity dispersion in net normal [14] , [15] or all-normal dispersion (ANDi) [16] regions. For further increase of pulse energy to about 100 nJ in a ANDi PML-FL, Lin et al. [16] inserted a section of 520 m long SMF to elongate cavity length and produced PML pulses with 365 kHz low repetition rate.
In comparison with the diode-pumped solid-state laser [17] , remarkable nonlinearity can be accumulated inside long distance SMF of PML-FLs which provide a platform for exploration various peculiar phenomena like the soliton rains [18] , harmonic mode locking [4] , dark solitons [19] , multiple-wavelength solitons [20] , rectangular solitons [21] , bound-state solitons [22] , [23] , etc. Among all the soliton dynamics mentioned above, the formation and behavior of bound solitons (BSs), in which a set of solitons is bunched to a tight packet with the same propagation velocity and fixed separation time, have attracted great attention [24] , [25] . On the basis of the complex Ginzburg-Landau equation (CGLE), in 1991 Malomed [26] first pointed out that weakly stable twopulse and multi-pulse bound states of solitons could be formed in a laser cavity. Then, Akhmediev et al. [27] theoretically predicted that two soliton and multi-soliton with stable bound states could exist in optical transmission line or fiber lasers by virtue of the CGLE. Experimentally, the characteristics of bound-state solitons in PML-EDFLs have been widely reported based on different kinds of mode-locked mechanisms. For example, using NPR mechanism, Grelu et al. [28] have discovered the soliton pairs in net normal dispersion regime and Zhao et al. [29] have observed various bound states dispersion-managed solitons (DMSs) around zero-dispersion region. Besides, the ninth order harmonic mode-locking was reported in EDFLs to generate BSs with 271.6 MHz repetition rate [30] . Through the NALM technique, the characteristics of bound-state solitons in anomalous and normal dispersion regimes were studied in a PML-EDFL with a figureeight configuration [13] , [31] . Even though the hybrid frequency modulation harmonic modelocked technique was applied, Hsiang et al. [22] still demonstrated the relatively stable 10-GHz repetition rate BSs from PML-EDFL.
In contrast to the PML-EDFLs, the dynamics of bound DSs from PML Ytterbium-doped fiber lasers (PML-YDFLs) in operation at the net normal dispersion region is seldom reported. Ortaç et al. [32] have reported the generation of chirp bound states of three pulses using ytterbium-doped double-clad fiber as gain medium, which was pumped through the V-groove technique. In comparison with the previous report, the diode pump PML-FL, using single mode ytterbium doped fiber (YDF) as gain medium, through wavelength division multiplexer (WDM) possesses several advantages such as higher pump coupling efficiency, lower mode locked threshold, and more stabilized pulse operation etc. Nevertheless, the dynamics of bound-state DSs from PML-FLs in operating at the net normal dispersion region using single-mode YDF as the gain medium has not been addressed yet. In this work, we experimentally investigated the dynamics of bound DMSs around zero net normal cavity dispersion regime. For a long time monitoring, we confirmed that the intensity contrast and the separation time between the distinct solitons were fixed to ensure the long-term operation in YDFL. Most important of all, we have first demonstrated, to the best of our knowledge, the occurrence of multiple BSs and boundstate of multiple-solitons in this PML-YDFL. After pulse compression by the GPs at outside laser cavity, we produced the robust BSs with pulsewidth below 1 ps.
Experimental Setup
The schematic setup of a PML-YDFL with a ring cavity configuration and an external cavity pulse compression device consisting of two GPs is shown in Fig. 1 . The gain medium was a 40-cm-long single mode YDF (with absorption of 280 dB/m at 920 nm), which was pumped by a pigtail laser diode with central wavelength around 976 nm through a 980/1060 nm WDM. The mode-locked mechanism of this YDFL was based on the NPR, which consisted of two quarterwave-plates, one half-wave-plate, and a polarization beam splitter (PBS) cube in free space. Thus, we coupled laser light from SMF (Hi1060) into free space by one collimator and then coupled light back to fiber again by the other collimator. In addition, the dispersion delay line, comprising the two GPs with 600-lines/mm groove density, was used to induce anomalous dispersion inside laser cavity. In considering the GVD parameter of HI1060 (approximately 230 fs 2 /cm at 1036 nm wavelength) and the anomalous dispersion from GPs, in which the separation between two gratings was about 4.6 cm, the net cavity dispersion of this YDFL was around the zero dispersion region with a value of about 0.0054 ps 2 . An optical isolator was also mounted in free space to ensure uni-directional propagation inside laser cavity. The laser output was taken from the NPE rejection port. Then, we used a collimator outside resonator to collect the output light from the PML-YDFL for pulse detection and following pulse compression. The time traces of PML pulses were measured by a high-speed photodetector (EOT Inc.) and monitored through a 2 GHz high-speed oscilloscope (200 GHz sampling scope, WaveRunner 620Zi, LeCroy Inc.). The optical spectrum was recorded by an optical spectrum analyzer (OSA, AQ 6370, Yokogawa Inc.) with a resolution of about 0.05 nm. In order to obtain the even short pulsewidth, the other two GPs (600 lines/mm groove density) at outside laser cavity were also used to compress the pulse. Besides, we used an autocorrelator (FR-103XL, Femtochrome Research inc.) to obtain the pulsewidth of the PML-YDFL before and after pulse compression.
Results and Discussions
At pump power of 0.48 W, the robust and stable continuous-wave mode-locked (CW-ML) pulse trains could be generated as shown in Fig. 2 with average output power around 22 mW. The time trace of single-pulse operation in Fig. 2(a) indicates that the time interval between sequential pulses is about 20 ns, which corresponds to the pulse repetition rate of about 50 MHz. It reveals that the laser is operated at fundamental ML state, which means no existing of pulse bunch, i.e., splitting pulses with ns separation time [4] . The long-term stability of the pulse trains from PML-YDFL without additional modulation or amplitude fluctuation is shown in Fig. 2(b) . The optical spectrum in Fig. 2(b) illustrates the central wavelength of ML pulse at 1043 nm and spectrum bandwidth around 47 nm. The measured intensity autocorrelation (IAC) trace is shown by the blue circles in Fig. 2(d) that reveals no BSs occurrence with ps separation time. By the fitting of the Gaussian profile (red curve), the IAC trace reveals the FWHM of pulse about 14 ps. After external cavity compression by the GPs, the output power decreased to 13 mW due to diffraction loss. As shown in the inset of Fig. 2(d) , the FWHM of the pulse was compressed to 0.77 ps that corresponded pulsewidth t p of about 0.54 ps.
Through slight adjustment of the waveplate or increase of the pump power, the double bound DMSs can be produced in this fiber laser system. However, the measured time trace from the Fig. 1 . Schematic setup of PML-YDFL (YDF, ytterbium doped fiber; WDM, wavelength-division multiplexer; =4, quarter-wave plate; =2, half-wave plate; PBS, polarization beam splitter; GPs, grating pairs) and external cavity pulse compression device comprising two GPs.
oscilloscope at this state is similar to that at fundamental ML state, as shown in Fig. 2(a) owing to the resolution of the oscilloscope. Fig. 3(a)-(c) show the optical spectrum and IAC traces of double bound DMSs as pump power around 0.51 W. At this state, the output power of laser was 36 mW that corresponded to the pulse energy of BSs around 0.72 nJ. The measured optical spectrum for the double bound DMSs in Fig. 3(a) indicates that the central wavelength and the spectrum bandwidth are 1037 nm and 32 nm, respectively. Like previous reported BSs in PML-FLs [29] - [32] , a relative obvious amplitude modulation is shown on the top of the spectrum (inset of Fig. 3(a) ) that results from the interference of two neighbor solitons. The measured IAC trace of double bound DMSs in Figs. 3(b) can be theoretically constructed using the following formula [33] :
where Iðt Þ ¼ jE ðt Þj 2 is the intensity, E ðtÞ is the electric field distribution of two BSs with Gaussian function
in which A 1 and A 2 are scaling factors, t p is the pulsewidth of the ML pulse, and t s is the separation time of two BSs. By the theoretical fitting curve with the (1) and (2), the intensity distribution of the IAC trace (red solid line) for the double bound DMSs is shown in Fig. 3(b) . The inset of Fig. 3(b) shows the estimated intensity distribution of two Gaussian pulses with the pulsewidth of about 14 ps. The separation time ðt s Þ and intensity contrast ðjA 1 j 2 =jA 2 j 2 Þ of two BSs are set to be about 21 ps and 0.16, respectively. The zoom in spectrum in the inset of Fig. 3(a) indicates the period of the interference fringe about 0.20 nm ðÁv ¼ 56:4 GHzÞ that implies to a pulse separation of 18 ps in time domain. Because of the resolution limit of the optical spectrum, this estimated value is slightly larger than the measured pulse separation between two BSs of about 21 ps as shown in Fig. 3(b) . Besides, the pulsewidth of BSs can be compressed by the GPs outside laser cavity as shown in Fig. 1 . After pulse compression, the output power of double bound DMSs decreases to 22 mW and the corresponding IAC trace is shown in Fig. 3(c) . In the inset of Fig. 3(c) , the zoom in IAC trace at the central part indicates the FWHM about 0.56 ps, which corresponds to the pulsewidth t p about 0.39 ps. Because no optimization of the GPs outside laser cavity in this work, we believe that even a short pulsewidth can be obtained after proper setting of the diffraction distance between two gratings.
If the generated BSs are robust, it means that the separation time and intensity contrast between two solitons are fixed without time variation. Thus, the PML-FLs at this state would have various practical applications such as optical communication, ultrafast probing technique, and so on. Akhmediev et al. [27] in 1998 theoretically predicted the stable operation of BSs in fiber laser. In order to demonstrate the stability of the BSs in PML-YDFL at net normal dispersion region, we monitored the IAC traces for a long time (four hours) and recorded the data every 20 minutes, as shown in Fig. 4 . The separation time t s of double bound DMSs (blue squares) and the intensity contrast jA 1 j 2 =jA 2 j 2 (red triangles) between main and neighbor soliton from IAC traces as time evolution in Fig. 4(a) are shown in Fig. 4(b) . It reveals that the parameters t s and jA 1 j 2 =jA 2 j 2 keep almost constant values over four hours, whose values are 0.4069 ∓ 0.005 and 53.64 ∓ 0.30 ps, respectively. In this report, we thus demonstrated the robust operation of produced BSs in a net normal dispersion PML-YDFL at room temperature that resisted environmental perturbations such as temperature variation or mechanical vibration.
In our PML-FL, multiple BSs with relatively small separation time can be generated at certain polarization state as the net cavity dispersion of PML-FL was set at around zero dispersion region. With pump power at 0.52 W, the measured IAC trace (blue curve) in Fig. 5(a) , similar to that shown in Fig. 2(d) , reveals only one envelope with the FWHM about 21 ps. At this state, the output power of PML-YDFL was 40 mW that corresponded to the pulse energy around 0.8 nJ. After external cavity pulse compression, five obvious peaks in the IAC trace (red curve, in Fig. 4(b) ) demonstrated that triple solitons are bound together with equal time spacing about Fig. 5(a) . For this case, the number of multiple BSs increased with the raising of the pump power or the alternation of polarization state. As pump power at 0.55 W, the IAC trace of compressed pulses (red curves) in Fig. 5(b) shows that five solitons coexist and bind together. Nevertheless, similar to the fundamental ML state shown in Fig. 2(d) , the measured IAC trace (blue curve in Fig. 5(b) ) from the oscillator reveals only one envelope with FWHM about 30 ps. The measured output power and estimated pulse energy at this state are 47 mW and 0.94 nJ, respectively.
Like other PML-FLs by the NPR mechanism, the polarization controller, consisting of one half-wave plate and the other two quarter-wave plates, was used to control the light polarization in the cavity. Different setting of the polarization state will result in the change of saturation peak power of the NPR. Thus, our PML-YDFL can be operated at the other state, such as bound states of multiple solitons reported from PML-EDFL [10] , after further increase of pump power and adjustment of PCs. As pump power of LD at 0.58 W, the measured IAC trace (blue curve in Fig. 6(a) ) from oscillator reveals that double solitons are bound together, like the plot shown in Fig. 4(a) . The output power and estimated pulse energy of PML-FL at this state are 44 mW and 0.88 nJ, respectively. After external cavity pulse compression by the GPs, three peaks appeared simultaneously in the central and side envelope of the IAC trace as shown by the red curves in Fig. 6(a) . We recognized that the PML-YDFL was operated at bound states of double solitons in which two solitons were tied together to form a bound group and regarded as a unit, and then the bound group tied to the other bound group. The corresponding optical spectrum in Fig. 6 (c) and zoom in plot in Fig. 6(d) also illustrate the apparently modulation and the interference fringes. With the period of interference fringe Á ¼ 0:68 nm ðÁv ¼ 176 GHzÞ in Fig. 6(d) , the separation time of two solitons is estimated to be about 5.7 ps, which is close to the measured value obtained from IAC trace in Fig. 6(a) . As pump power increased to 0.6 W, the number of bound solitons for each unit increased following whose compressed IAC trace is shown by the red curve in Fig. 6(b) . However, the IAC trace (blue curve in Fig. 6(b) ) of PML-YDFL without pulse compression is similar to the plot shown in Fig. 4(a) . The measured output power and corresponding pulse energy of BSs at this state without pulse compression are 52 mW and 1.04 nJ, respectively.
Conclusion
The characteristics of bound states of dispersion-managed solitons have been experimentally investigated from the passive mode-locked Yb-doped fiber laser at net normal dispersion region by the nonlinear polarization rotation technique. As multiple bound solitons coexist with relative small time spacing, the obviously modulated fringes can be observed from the optical spectrum that are attributed to the interference of the solitons. Besides, we verified the long-time operation of bound states solitons in this work to demonstrate that they could have potential to be used in the fields of optical communications. Most important of all, the multiple bound solitons and bound states of multiple solitons in PML-YDFL around zero dispersion region were first reported through proper adjustment of polarization plate at certain pump power. Without pulse compression by the grating pairs at outside laser cavity, the measured intensity autocorrelation traces are similar to that at a single soliton or double bound soliton state. Nevertheless, after external cavity pulse compression, the multiple solitons and bound states of multiple solitons with pulsewidth below 1 ps can be experimentally demonstrated. The investigation of the BSs from PMLYDFLs around the zero cavity dispersion region in this work can contribute to the comprehensive understanding of soliton dynamics.
